Isolated hepatocytes prepared from sheep fed a basal diet (bromegrass hay-corn, 50:50 wt/ wt, as-fed basis) with or without urea were used to determine the effects of added ammonia (as NH 4 Cl) and propionate on the partitioning of C from 1. 
Introduction
Ruminants can absorb significant amounts of ammonia (NH 3 ) and detoxify it to urea in the liver (Huntington, 1986; Reynolds, 1992) . Ureagenesis may require amino acid N in the generation of aspartate, with consequent penalties for N retention (Reynolds, 1992; Lobley et al., 1995) . In various studies, liver amino acid removal (Maltby et al., 1991; Reynolds et al., 1991) or catabolism Mutsvangwa et al., 1996) increased under conditions of increased NH 3 absorption. However, there are no reports in which the contribution of 15 N-labeled amino acids to [ 15 N]urea synthesis under conditions of NH 3 loading has been measured in ruminants.
Fed ruminants rely on hepatic gluconeogenesis, primarily from propionate, to meet their glucose needs (Reynolds, 1992) . However, in feed-deprived ruminants, amino acids are important precursors for gluconeogenesis (Bergman and Heitmann, 1978) . Propionate glucogenicity may be affected by NH 3 (Aiello and Armentano, 1987; Demigné et al., 1991) and, propionate may stimulate (Demigné et al., 1991) or inhibit (Rattenbury et al., 1983 ; Mutsvangwa et al., Table 1 . Nutrient composition and intake of feedstuffs by sheep fed diets containing low (LOW) and high (HIGH) ruminally degradable nitrogen a,b a Values are means for eight sheep on each diet. b Abbreviations used: DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; SEM, standard error of the mean.
c Diets consisted of a 50:50 (wt/wt, as-fed basis) bromegrass hay-corn (LOW) or LOW supplemented with 20 g urea/kg DM (HIGH). 1996) ureagenesis. There are, however, no reports on the effects of changing propionate supply on amino acid metabolism in ruminant liver. The first objective of this study was to determine whether NH 3 detoxification has an obligatory requirement 
Materials and Methods

Animals and Treatments.
Sixteen Rideau-Arcott nonlactating, nonpregnant ewes of similar nutritional and environmental background were used in this study. Animals were acquired from Ponsonby Research Station, University of Guelph, and were cared for and handled in accordance with the Canadian Council on Animal Care regulations. The mean body weight of the ewes at the beginning of the experiment was 53.0 ± 14.8 (SD) kg. Animals were blocked in pairs on the basis of body weight and allocated at random to either of two diets (as-fed basis): a 50:50 (wt/wt) bromegrass hay-cracked corn diet (control, LOW) or this control diet plus 20 g/kg (DM basis) urea ( HIGH) . Diet composition is given in Table 1 . Diets were designed to be isoenergetic and urea was added in Diet HIGH to increase the supply of ruminally degradable N and thereby potentially induce postprandial increases in portal absorption of NH 3 . Both groups were supplemented with a mineral and vitamin mix and water was available free choice. Animals were housed individually in pens on wood shavings in an environmentally controlled room (22 to 24°C). Animals were fed individually once daily at 0800 so that feed was available for 2 h. During the initial 7 d of diet adaptation, animals were offered enough feed to result in a 10 to 15% weigh-back at 1000. The 2-h ad libitum intake was then calculated as the mean intake for the initial 7-d period. For the remainder of the 4-wk adaptation period, feed was then restricted to 90% of the 2-h ad libitum intake in order to ensure complete consumption of meals before slaughter at 2 h after feeding, when the postprandial increase in ruminal NH 3 concentration has been reported to reach a peak in steers fed similar diets (Kelly et al., 1993) . Animals were slaughtered, by captive bolt stunning and exsanguination, one per day over a 16-d period.
Hepatocyte Preparation. The procedure for hepatocyte isolation was based on the method of McBride and Milligan (1985) . Briefly, immediately upon removal, the caudate lobe of the liver was first perfused with 400 to 500 mL of Modified Hanks Ca 2+ -free chelating buffer (.5 mM EGTA; pH 7.4; 37°C ) at a rate of 60 to 100 mL/min. Perfusion of the caudate lobe was accomplished by inserting a plastic catheter into a major exposed blood vessel and perfusing until the tissue was uniformly blanched. The caudate lobe was then perfused with 200 mL of modified KrebsHenseleit (digestion) buffer (pH 7.4; 37°C), containing 1 g/L collagenase Type IV (E.C. 3.4.24.3; Sigma Chemical, St. Louis, MO) and 5 mM Ca 2+ , which was recirculated at a rate of 60 to 100 mL/min for 10 to 15 min until the caudate lobe was adequately digested, as evidenced by the loss of tissue definition. All buffers were saturated with 95% O 2 :5% CO 2 in order to minimize cell hypoxia. Cells were then freed from the tissue using a stainless steel comb, filtered, and centrifuged at least twice at low speed (50 × g) for 5 min. The sedimented cells were resuspended in KrebsHenseleit incubation buffer and stored in a 50-mL Erlenmeyer flask on ice with continuous gassing (95% O 2 :5% CO 2 ) until use. The entire procedure for hepatocyte isolation required approximately 45 to 60 min. Cell suspensions were used in incubations within 30 min of isolation.
Hepatocyte Viability. Viability of hepatocytes was routinely assessed for each cell preparation by trypan blue dye uptake. All hepatocyte preparations had >90% viable hepatocytes, and this level of viability was maintained over a 3-h period of storage on ice. Total oxygen consumption rates (6.15 to 6.77 mL O 2 ·mg cell DM −1 ·h −1 ) , measured according to Mutsvangwa et al. (1996) , were similar to those previously reported for adult sheep hepatocytes (McBride and Milligan, 1985) . Hepatocytes maintained linear rates of gluconeogenesis and ureagenesis in the presence of propionate and NH 4 Cl, respectively. Mean gluconeogenic (1.51 to 2.13 mmol·g cell DM −1 ·min −1 ) and ureagenic (.19 to .25 mmol·g cell DM −1 ·min −1 ) rates obtained are similar to those previously reported for ruminant hepatocytes isolated using similar techniques (Looney et al., 1987; Demigné et al., 1991) . Hepatocyte dry weight of the original cell preparation was determined in duplicate by drying cells suspended in Krebs-Henseleit incubation buffer ( 1 mL) at 100°C with correction for the residual dry weight of an equal volume of incubation buffer without hepatocytes.
In Vitro Treatments. Hepatocytes from each sheep ( 4 to 6 × 10 6 cells/mL) were incubated with selected substrates and Krebs-Henseleit incubation buffer in a final volume of 4.0 mL in 25-mL Erlenmeyer flasks. All flasks contained a final concentration of 7.5 g/L defatted BSA (Cohn Fraction V, essentially fatty acid free; Sigma Chemical) and 5 mM sodium acetate. A wide-bore 5-mL pipette tip was used to transfer the cell suspension into incubation flasks to reduce hepatocyte damage. Incubation flasks contained 3.9 mL of cell suspension and . (DuPont Company, Wilmington, DE) . All substrate combinations were incubated in duplicate flasks with a corresponding blank flask that contained hepatocytes and substrates but was terminated immediately and placed on ice. Treatment means were corrected for endogenous urea production as determined by the blank flask. Incubations were performed at 37°C in a shaking water bath and were initiated by the addition of hepatocytes and substrates to flasks. For the capture of carbon dioxide (CO 2 ) , flasks containing L-[1-14 C]alanine were fitted with self-sealing rubber caps with a suspended center well (Mandel Scientific, Guelph, ON), otherwise the flasks were capped with a rubber stopper.
After 90 min, flasks were placed on ice and .25 mL of .6 mM HClO 4 was injected through the rubber stopper to terminate the incubation. Carbon dioxide produced was trapped in .25 mL of .5 M NaOH (solvable; DuPont, Wilmington, DE) injected through the rubber stopper into the suspended center well during a 60-min incubation on ice. The center well was then removed to a scintillation vial containing 5 mL of liquid scintillation cocktail (NEF-989, DuPont), and the radioactivity in 14 CO 2 was determined in a liquid scintillation spectrophotometer (LS6000 SC Model; Beckman Instruments, Fullerton, CA). The contents of the incubation flasks were neutralized with .25 mL of .06 mM NaOH, transferred to centrifuge tubes, and centrifuged at 12,000 × g for 10 min at 4°C. The supernatant was removed and stored at −70°C for subsequent assays.
Analyses. Total urea N concentration in neutralized supernatants was assayed colorimetrically using the diacetyl monoxime method (Sigma kit no. 535). For determination of 15 N isotopic enrichment of [ 14 N 15 N]urea and [ 15 N 15 N]urea, total urea was isolated from neutralized supernatants by ion-exchange chromatography as described by Tserng and Kalhan (1982) . The urea fraction was dried under N at 40°C and the tert-butyldimethylsilyl ( t-BDMS) derivative of urea prepared by the addition of 70 mL of MTBSTFA (Aldrich Chemical, Milwaukee, WI) and 70 mL of dimethylformamide (Sigma) and incubation at 105°C for 30 min (Patterson et al., 1993) . A HewlettPackard 5890 gas chromatography-mass spectrometer ( GC/MS) in electron impact mode was used and the m-57 ions were monitored, and isotope ratios were obtained for m+1/m and m+2/m, corresponding to singly ( 14 N 15 N ) and doubly labeled ( 15 N 15 N ) 15 N abundance (atom % excess) and the concentration of total urea. The difference between total and labeled urea production represented unlabeled ( 14 N 14 N ) urea.
Glucose was isolated from neutralized supernatants by the borate ion-exchange chromatography method (Mills et al., 1981) . The purified glucose was transferred to a scintillation vial containing 15 mL of liquid scintillation cocktail (NEF-989) and glucose radioactivity was determined using a liquid scintillation spectrophotometer. During glucose isolation, D-[ 14 C(U)]glucose (DuPont) was included as an internal standard for each batch of samples analyzed, and the recovery rate of D-[ 14 C(U)]glucose was 88.1 ± 3.6% (mean ± SD). Radioactivity appearing in [ 14 C]glucose was also corrected for incomplete trapping of L-[1-14 C]alanine, which was < .1% of kBq of [1-14 C]alanine added to the columns. The specific radioactivity of an aliquot of [1-14 C]alanine was determined by liquid scintillation counting for each set of incubations (i.e., each sheep) and used in calculations of 14 CO 2 and [ 14 C]glucose production. The rate of [1-14 C]alanine incorporation into products, [ 14 C]glucose (pmol·mg cell DM −1 ·h −1 ) and 14 CO 2 (nmol·mg cell DM −1 ·h −1 ) , was calculated using the following equation:
where T refers to the incubation time of 1.5 h, C refers to the milligrams of dry weight of hepatocytes per milliliter of cell suspension, and S refers to the
Ruminal Fluid Collection. Immediately upon evisceration, samples of ruminal contents were collected from multiple points within the rumen and composited, and ruminal fluid was collected by straining through a double layer of cheesecloth. Ruminal fluid pH was determined immediately (Fisher Accumet Model 610 pH meter) and an aliquot was acidified with 4 mL of 1.0 mM HCl and frozen at −20°C for subsequent analysis of NH 3 and VFA concentrations.
Feed and Ruminal Fluid Analyses. Feed samples
were analyzed for DM and N (AOAC, 1984) and for ADF and NDF (Goering and Van Soest, 1970) . Ruminal NH 3 concentration was determined using the indophenol blue colorimetric assay of Novozamsky et al. (1974) . Ruminal fluid VFA were determined with gas chromatography according to Kelly et al. (1993) . analyzed with an analysis of variance procedure appropriate for the split-plot arrangement using the PROC GLM procedure of SAS (1985) . Data evaluating the influence of dietary addition of urea were analyzed using a model that included block, diet and, the diet × block interaction, which was used as the whole-plot error term. The subplot consisted of added substrates (NH 4 Cl and propionate), substrate × substrate interactions, and their interactions with main plot effects, and the residual sum of squares was used as the test term. Data on nutrient intakes and ruminal fluid variables were tested for differences between diets using the t-test procedure. Effects were considered significant at a probability P < .05, unless otherwise indicated.
Experimental Design and Statistical
Results
Feed Intake and Ruminal Fermentation Characteristics
Dry matter ( P = .626), ADF ( P = .090), and NDF ( P = .515) intakes of sheep were unaffected by the dietary inclusion of urea ( Table 1) . As expected, feeding dietary urea induced a higher crude protein intake in sheep fed Diet HIGH than in those fed Diet LOW ( P < .001; Table 1 ). Ruminal fluid pH was lower ( P = .038) in sheep fed Diet LOW than in those fed Diet HIGH (Table 2 ). Increasing the intake of ruminally degradable N by feeding urea resulted in elevated ruminal NH 3 concentrations ( P = .009; Table  2 ). Molar concentrations of individual and total VFA in ruminal fluid were not affected by dietary treatment ( P > .05; (Table 5 ). The addition of propionate to the incubation medium between 0 and 1.25 mM in the presence of NH 4 Cl and [ 15 N]alanine as N sources decreased total urea production ( P < .001; Table 5 ). The 15 N (Table 5 ). The production of unlabeled urea declined with the addition of propionate between 0 and 1.25 mM ( P < .001; (Table 5 ). Significant diet × substrate interactions were obtained for total urea ( P < .001) and unlabeled urea ( P < .001) synthesis ( (Chalupa et al., 1970) and, apparently, this in vivo adaptation was maintained by isolated hepatocytes in vitro.
Discussion
Diet Effects on Ruminal Metabolism. Ruminal fermentation characteristics observed in this study for sheep fed a basal diet of 50:50 (wt/wt) bromegrass hay-corn with or without 20 g of urea/kg DM are typical for sheep fed diets of similar composition (Mutsvangwa et al., 1996) . The two diets used in this study were chosen to maximize differences in ruminal NH 3 concentration, and this was achieved. The absorption of ruminal NH 3 across the rumen wall into portal blood is directly proportional to the concentration of ruminal NH 3 in both sheep and cattle, and absorption is increased by a more alkaline ruminal environment (Kennedy and Milligan, 1980) . In the present study, ruminal pH and NH 3 concentration were higher for sheep fed urea; hence, we can surmise that we induced a postprandial increase in portal absorption of NH 3 in these sheep compared with those consuming the basal (LOW) diet.
Hepatic Metabolism of Alanine and Urea: Diet, Ammonia, and Propionate Effects. The principal objective of the present study was to test the proposal that increased hepatic ureagenesis in ruminants during periods of NH 3 loading induces an increase in amino acid catabolism. Ammonia loading was accomplished, first, by preadapting sheep to a urea-supplemented diet and, second, by incubating hepatocytes isolated from these sheep with varying concentrations of NH 4 Cl within the normal physiological range of portal NH 3 concentrations in fed sheep (Luo et al., 1995 (Meijer et al., 1990 (Nissim et al., 1992) . Nissim et al. (1992) Luo et al. (1995) . In order to determine the relative importance of the cytoplasmic (aspartate) and mitochondrial (carbamoyl phosphate) routes of N entry into the urea cycle, Luo et al. (1995) (Luo et al., 1995) . The significant increase in the relative production of unlabeled urea as added NH 4 Cl increases in the present study lends support to this suggestion. We had hypothesized that increasing the NH 3 load either by feeding urea or by altering the incubation medium concentration of NH 4 Cl would stimulate amino acid oxidation because of an increase in amino acid deamination that is needed to provide N in support of ureagenesis. Increasing the intake of ruminally degradable N by adding urea to the diet resulted in a significant increase in the formation of [ 14 N 15 N]urea and [ 15 N 15 N] urea by isolated hepatocytes. In contrast to previous work conducted in our laboratory (see Mutsvangwa et al., 1996) , hepatic oxidation of [1-14 C]alanine was unchanged by the dietary addition of urea. It is unclear why there is a discrepancy in results pertaining to the oxidation of [1-14 C]alanine, but this could be a consequence of differences in incubation conditions used in the two studies (i.e., substrate concentrations used in the previous study were supraphysiological compared with physiological concentrations used in the current study). However, the increase in the production of [ 14 N 15 N]urea and [ 15 N 15 N]urea with NH 3 loading indicates an increase in hepatic amino acid deamination, and this might be ascribed to the higher rate of urea synthesis that is necessary to detoxify the increased supply of portal NH 3 . In vitro addition of NH 4 Cl was associated with a decline in [1-14 C]alanine oxidation to CO 2 , and these results are in agreement with earlier work in our laboratory (Mutsvangwa et al., 1996) Lobley et al. (1995) was associated with significant increases in splanchnic tissue oxidation of [1-13 C]leucine. In previous in vitro studies with isolated sheep hepatocytes by Luo et al. (1995), [ 14 N 15 N]urea production was not affected and [ 15 N 15 N]urea was the predominant form of labeled urea when the concentration of 15 NH 4 Cl was increased in the presence of a physiological mixture of amino acids, thereby contradicting the proposal that NH 3 detoxification causes an increase in amino acid deamination. It is not clear why there is a discrepancy between our results and those of Luo et al. (1995) , but these differential responses can probably be ascribed to differences in the 15 N tracer methodologies employed in the two studies; we measured directly the flux of 15 N from [ 15 N]alanine to [ 15 N]urea as a result of amino acid deamination, whereas Luo et al. (1995) measured the flux of 15 N from 15 NH 4 Cl to [ 15 N]urea and then indirectly assessed the contribution of amino acid N to ureagenesis. However, despite all these discrepancies, it is clear that there are potentially important interactions of NH 3 and amino acid metabolism in ruminant liver that warrant further investigation to fully elucidate the mechanisms involved. The negative impact of NH 3 loading on the wasteful deamination of amino acids that is indicated by these results is certainly undesirable and could provide a partial explanation as to why ruminants fed diets containing significant amounts of nonprotein N (e.g., high-forage diets) are characterized by poor N retention Parker et al., 1995) .
In vitro addition of propionate reduced the oxidation to CO 2 of [1-14 C]alanine, and this agrees with earlier observations in our laboratory (Mutsvangwa et al., 1996) . We had postulated that the increased availability of propionate would likely spare the need of isolated hepatocytes to oxidize alanine. Although our data on alanine oxidation support this proposal, the production of [ 14 N 15 N]urea and [ 15 N 15 N]urea in sheep hepatocytes did not change with increasing propionate concentrations, except at 1.25 mM propionate. Hence, overall the data imply some sparing effect of propionate on alanine catabolism. The inhibitory effects of propionate on ureagenesis in the presence of NH 3 and amino acids have been reported previously in sheep hepatocyte incubations (Mutsvangwa et al., 1996) and sheep liver slices (Rattenbury et al., 1983) , and in isolated rat hepatocytes (Cathelineau et al., 1979) . Choung and Chamberlain (1995) included propionate in intraruminal infusions of urea and observed a marked increase in the concentration of NH 3 in the peripheral blood of dairy cows, thereby suggesting that propionate had reduced hepatic capacity to detoxify NH 3 . However, these results are in contrast with the stimulating effects of propionate on ureagenesis reported in sheep hepatocytes by Demigné et al. (1986 Demigné et al. ( , 1991 . It is conceivable that the responses we obtained might have been a function of the incubation conditions used in our study; the availability of propionate as a cellular energy source in vitro may have led to a reduction in protein and amino acid catabolism and, consequently, urea production.
Results from this and other studies indicate that there is an interaction between NH 3 detoxification and amino acid metabolism in the ruminant liver, but the exact intracellular mechanisms involved in this interaction have yet to be identified. In previous studies using isolated rat hepatocytes to investigate the interrelationships between ureagenesis and gluconeogenesis, Krebs et al. (1979) concluded that the increased hepatic utilization of amino acids with increased ureagenesis may be the result of competition for cytoplasmic oxaloacetate when these two biosynthetic pathways occur simultaneously. Because of extensive preintestinal fermentation of carbohydrates, hepatic gluconeogenesis is a major biosynthetic process so that ruminants can meet their body glucose requirements (Reynolds, 1992) . In the present study, added NH 4 Cl was a potent inhibitor of [1-14 C]alanine conversion to [ 14 C]glucose by isolated sheep hepatocytes. However, we did not measure total glucose production in the current study. This was because we were interested in determining the effect of dietary urea, and therefore fasting of our sheep before hepatocyte isolation so that endogenous glycogen breakdown during incubations would not mask the contribution of precursors to glucose synthesis was not considered to be a viable option. However, similar inhibitory effects of NH 4 Cl on glucose synthesis by isolated sheep and goat hepatocytes from a variety of precursors have been reported previously (Weekes et al., 1978; Aiello and Armentano, 1987; Demigné et al., 1991; Luo et al., 1995) . The mechanisms involved in the inhibition of alanine utilization for gluconeogenesis by NH 4 Cl in isolated hepatocytes remain unclear. Previous work with isolated rat hepatocytes indicates that the primary effect of NH 4 Cl addition to hepatocyte incubations is to shift mitochondrial oxaloacetate from net malate to net aspartate production, the latter (aspartate) contributing one N atom to ureagenesis (Meijer et al., 1978) . Consequently, because of a decline in intramitochondrial oxaloacetate concentration, flux through phosphoenolpyruvate carboxykinase ( PEPCK; E.C. 4.1.1.32) is lower, leading to decreased gluconeogenesis. In the present study, increasing the incubation medium concentration of propionate, the principal gluconeogenic precursor in the fed ruminant, resulted in a significant increase in [1-14 C]alanine conversion to glucose, presumably due to an increase in intramitochondrial oxaloacetate and flux through PEPCK, because this was accompanied by a decline in the production of total urea. Another plausible explanation is that isolated hepatocytes incubated in the presence of NH 4 Cl and propionate are characterized by considerable intracellular accumulation of alanine and glutamate, a phenomenon that has been reported in rodent (Meijer et al., 1978) and sheep (Demigné et al., 1991 , Luo et al., 1995 hepatocyte suspensions. Under such circumstances, there is a net release of alanine and glutamate by liver cells that may reduce the contribution of these amino acids to gluconeogenesis (Demigné et al., 1991) . However, inhibitory effects of NH 3 on the net production of glucose have not been observed in vivo when NH 3 loading was induced by either intramesenteric vein infusion of NH 4 Cl or by feeding urea (Wilton et al., 1988; Maltby et al., 1991 Maltby et al., , 1993 .
The present experiment indicates that isolated sheep hepatocytes may be useful as a practical model to further determine the exact intracellular mechanisms involved in the interactions between NH 3 and amino acid metabolism in ruminants. This study has demonstrated that isolated sheep hepatocytes challenged with increasing NH 3 loads are characterized by an increase in urea production, which, in turn, is accompanied by an increase in amino acid deamination. However, isolated hepatocytes seem to use NH 3 for cytoplasmic aspartate and mitochondrial carbamoyl phosphate generation when the NH 3 load is excessive. Also, a plentiful supply of propionate seems to reduce the wasteful catabolism of amino acids by isolated sheep hepatocytes.
Implications
Because ammonia detoxification to urea seems to have a cost in terms of amino acid deamination, dietary conditions that enhance portal absorption of ammonia may potentially penalize the availability of amino acids to and nitrogen retention in peripheral tissues. However, dietary conditions that lead to considerable absorption of propionate from the reticulo-rumen may spare amino acids from wasteful catabolism, and thereby potentially improve the efficiency of nitrogen retention in ruminants.
Literature Cited
